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The surface properties and mixed micellization behavior of binary combinations of cationic gemini (C16-4-C16, 2Br-) tetramethylene-1,4-bis(cetyldimethylammonium bromide) with cationic monomeric surfactants viz. cetyltriphenylphosphonium bromide (CTPB), tetradecyltriphenylphosphonium bromide (TTPB), cetyldiethylethanolammonium bromide (CDEEAB) and tetradecyldiethylethanolammonium bromide (TDEEAB) have been investigated by surface tension and conductivity measurements in (10% v/v) ethylene glycol mixture at 300 K. The critical micelle concentration (cmc), surface properties, Γmax (maximum surface excess), Amin (minimum surface area per molecule) and πcmc (surface pressure at the cmc) have been determined. The deviation from the ideal of the mixed micelles has been discussed on the basis of Clint theory. The results of the mixed systems were analyzed in the light of the regular solution theory (Rubingh) and Rosen’s theory to evaluate the composition of the mixed micelle, the activity coefficient, the interfacial mole fraction of the surfactant at the mixed adsorbed film and the corresponding interaction parameters ( and ). The negative values of interaction parameters ( and ) for mixed micelle formation indicate the synergistic interaction for all the system. The standard Gibbs free energies of adsorption (∆G˚ads), standard Gibbs free energies of micellization (∆G˚m), the excess free energies of micellization (∆Gex) and minimum free energy of the surface (∆G(s)min) of gemini with cationic monomeric surfactants were also evaluated. The ∆G˚ads, ∆G˚m and ∆Gex values are negative indicating the spontaneity and stability of the mixed micelle.
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      In recent year’s surface, interfacial and micellization properties of mixed surfactant (binary and ternary combinations) have been the focus of considerable research interest [1-3]. Extensive investigations on binary mixtures of cationic-cationic, cationic-nonionic, cationic-anionic systems [3-6] have been reported, but studies using gemini surfactants are limited [7-9]. Gemini surfactants are a special class of surfactant. They are made of two hydrophobic chains and two polar head groups covalently attached through a spacer [10-14]. Their various surface active properties are superior to those of corresponding conventional surfactants with one hydrophilic and one hydrophobic group. Thus, they have much lower cmc values and are more efficient in lowering the surface tension of water, have better lime-soap dispersing properties and are often better wetting agents [11, 12, 15-19]. 
      It is well known that physicochemical and surface properties of mixed surfactants are more interesting and useful than pure surfactants both from industrial and medical point of view. By virtue of differences in the tail and head groups of the surfactants, mixed surfactants may show composition dependent micellization, mutual interaction, solvation, micellar shape, etc. The mutual interactions among the surfactants in solution and in micelles therein essentially arise from the difference in type and length in the amphiphiles chains and the electrostatic and steric interactions among their head groups [20, 21]. In solution containing two or more surfactants, the tendency of aggregated structures to form is substantially different from that in solutions having only pure surfactants. Such different tendency results in dramatic change in properties and behavior of mixed surfactants compared to that of a single surfactant.  Practical formulation often requires the addition of surfactants to help in regulating the physical properties of the product or improve its stability. The stability of the mixed micelles depends on two factors (i) coulombic interaction between ionic head groups and (ii) chain length of the surfactant tail groups. In many practical applications, the properties of surfactants mixture are important and attractive [22]. Mixed surfactant systems are also of great theoretical interest [23]. A study involving cationic gemini surfactants and the corresponding monomeric surfactants focused on localization of the monomeric surfactant in the threadlike micelles in the mixed solutions at a low molar fraction of monomeric surfactant [24]. A mixed micellar solution is a representation of a mixed micelle, mixed monolayer at the air/solution interface and mixed bilayer aggregate at the solid interface. Some gemini surfactants are not soluble in water. Therefore, a mixture of water and some polar organic solvents would suitable to study micellization. Ethylene glycol (EG) is one of the most commonly used solvent for micellization, as it possesses a high cohesive energy, a fairly high dielectric constant and has many characteristics similar to water. EG has the ability to form hydrogen bonded networks similar to water, although differing in the details of the structure [25-29]. Recently Javadian et al. [30] have studied the adsorption and micellar properties of binary ionic/nonionic surfactant mixtures in ethylene glycol + water. Palepu et al. [31] have studied Micellar and associated thermodynamic properties of binary mixtures of alkyltriphenylphosphonium bromides in ethylene glycol and water mixtures. 
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Scheme I. (a) Gemini Surfactant (16-4-16) tetramethylene-1,4-bis(cetyldimethylammonium bromide), (b) Alkyltriphenylphosphonium bromide [R = C16H33 (CTPB), C14H29 (TTPB)], (c) Alkyldiethylethanolammonium bromide [R = C16H33 (CDEEAB), C14H29 (TDEEAB)], (d) Cetyltributylphosphonium bromide (CTBuPB).








The gemini surfactant was synthesized by refluxing the corresponding tetramethylene-1,4-bis(cetyldimethylammonium bromide) in dry ethanol for 48 hrs and was recrystallized from hexane/ ethyl acetate mixtures [32-33]. CDEEAB and TDEEAB were obtained from Prof. R. M. Palepu, St. Francis Xavier University, Antigonish, Canada. CTBuPB, CTPB, TTPB were obtained from Caledon chemicals, Canada (distributors of Lancaster, Synthesis of England). Ethylene glycol (EG) was obtained from Merck fine chemicals (Mumbai, India). All surfactants were of high purity (99.0%) and were used without further purification. All solutions were prepared in triply distilled water.

2.2 Methods
2.2.1 Surface tension measurement 
      The surface tensions of aqueous solutions of surfactants at various concentrations were determined with a surface tensiometer (Jencon, India) using a platinum ring by the ring detachment technique. The tensiometer was calibrated against distilled water. Platinum ring was thoroughly cleaned and dried before each measurement. The measurements were done in such a way that the vertically hung ring was dipped into the liquid to measure its surface tension. It was then pulled out. The maximum force needed to pull the ring through the interface was then expressed as the surface tension. Corrections according Harkins and Jordan (ref. Harkins, W.D., Jordan, H.F. "A Method for the Determination of Surface and Interfacial Tension from the Maximum Pull on a Ring, J. Amer. Chem. Soc., vol. 52, (1930)  1751-1772.) were taken into account to obtain careful measurements. Each experiment was repeated several times until good reproducibility was achieved. The results were accurate within ±0.1 mNm-1.

2.2.2 Conductivity measurement 
       Conductivity measurements were carried out with a Systronics direct reading conductivity meter (Type 306). The conductivity cell was calibrated with KCl solutions in the appropriate concentration range. Accuracy of measured conductance was within ±0.5%. The cmc of single and mixed surfactants were determined by conductivity measurements at 300 K. The pure surfactant solutions were prepared by diluting the concentrated stock solution. The mixed solutions were prepared by mixing two pure solutions and were kept for at least 12 hrs. for equilibrium. The conductivity at each mole fraction was measured by successive addition of concentrated solution of surfactant mixture in pure water.

3.	Results and discussion 
3.1	 Critical Micelle Concentration (CMC)


























The classical method for obtaining the cmc requires the determination of two lines in the pre- and post-micellar regimes, respectively [33]. A few years ago, a non linear fitting method was introduced to properly analyze those conductivity vs C plot that do not show neat transition [34], like is usual in the case of gemini surfactants for which the aggregation is promoted by the two alkyl chains to be transferred to the micellar phase but also made difficult by the steric requirements connected to put the two chains in the restricted micellar core environment [35]. Thus, a method that avoid the researcher’s personal taste about the determination of the two lines should be preferred. This method rely on the equation: 
                (1)

where F(0) is the initial conductivity of water, A1 and A2 are the limiting slopes for low and high concentration respectively, x0 is the central point of the transition, i.e. the cmc andx is the width of the transition. The value, representing the degree of micellar ionization can be deduced from the ratio A2/A1.
This equation can carefully represent the conductivity vs C data set, since it is the integral of the Boltzmann sigmoid. The data were fitted to this non linear equation and the resulting cmc of pure and mixed systems are given in Table 1. The degree of micellar ionization was reported in Tables 2 and 3.
Data in Table 1 shows that the cmc values increases with increasing mole fraction of monomeric surfactants in all the systems. The surface tension (γ) of surfactants solution was measured for a range of concentration above and below the critical micelle concentration (cmc) as shown in Fig. 2. A linear decrease in the surface tension was observed with increase in surfactant concentrations for all the surfactants above the cmc value, beyond which no considerable change was observed. The values of cmc obtained by conductometric and tensiometric methods were quite close to each other. The average cmc values are given in Table 1 and were used for all the calculations.

3.2	Interfacial Properties
      The values of different surface properties, πcmc (the surface pressure at the cmc), Γmax. (the maximum surface excess) and Amin (the minimum surface area per molecule) and  thermodynamic parameters, ∆G˚m (Gibbs free energy of micellization), ∆G˚ads (the standard Gibbs energy of adsorption) and ∆G(s)min (the free energy at the air/water interface) were obtained at different mole fractions of the monomeric surfactants and are listed in Tables 2and 3.
The adsorption efficacy of the studied surfactants and their mixtures at the air/solution interface was assessed in the light of the Gibbs adsorption equation [35-39]




           Fig. 1. Dependence of the specific conductivity on surfactant concentration for CDEEAB + C16-4-C16, system 





           Fig. 2. Dependence of the surface tension on surfactant concentration for TTPB + C16-4-C16, system as a 































Surface pressure at the cmc (πcmc), the maximum surface excess (Γmax), the minimum surface area per molecule (Amin), degree of micellar ionization (α), Gibbs free energy of micellization (∆G˚m), the standard Gibbs energy of adsorption (∆G˚ads) .and the free energy at the air/water interface (∆G(s)min) values of cationic gemini surfactant (16-4-16) with cationic monomeric surfactants in water-EG (10% v/v) solution at 300 K.





 where γ is the surface tension of the solution, R is the universal gas constant (8.314 JK-1mol-1), T is the temperature in the absolute scale, C is the concentration of the surfactant in solution and n is a constant, which depends on the number of species constituting the surfactant. The dγ/dlog C factor was obtained from the slopes of  the linear plots of γ vs. log C (Fig. 2). Γmax value does not follow any regular trend with mole fraction of monomeric surfactants (Tables 1and 2). Γmax values were used to calculate the minimum area per surfactant molecule (Amin) at the air/solvent interface using the relationship
                 Amin = 1/N Γmax.                                         (3)
where N is Avogadro’s number. Amin also follows the same trend as Γmax. The values of the surface pressure at the cmc (πcmc) were obtained from equation (4), 
πcmc  = γo   – γcmc  mNm-1                              (4)
where γo being the surface tension of pure solvent and γcmc being the surface tension at the cmc.
     The standard Gibbs free energy of micellization per mole of monomer unit (∆G˚m) was calculated by using eqs. 5 and 6,      
         for gemini surfactant,           ∆G˚m = 2(1.5 – α) RT lnXcmc                         (5)
         for binary surfactants,           ∆G˚m = (2 - α) RT lnXcmc                              (6)
Xcmc is the cmc of the surfactant in mole fraction unit and α is the micellar ionization evaluated conductometrically from the ratio of the postmicellar and premicellar slopes of the plot of specific conductance vs. concentration of the surfactant solution, as shown previously [23, 35-39]. The value of α (presented in Tables 2 and 3) is higher at higher mole fraction of the monomeric surfactant. 
In general, the surfactant positive ions in the micelle would attract several bromide counterions in order to compensate the headgroup coulombic repulsion, making the micelle stable. The micellar ionization shows the percentage charge of the micelles, i.e. in this case, the excess of positive charge of the micelles since part of the bromide counterions are not strictly bound to them. While for pure surfactant solutions the ability to bind counterions is related to charge density on the headgroup and on the headgroup dimension, in surfactants binary mixtures it is also related to ability of the two different molecules to pack closely at the surface, thus making a compact micellar surface. The accommodation of headgroups having different dimension in not straightforward and, by modifying the bulk mixture composition the micellar composition is heavily affected, most of times not being in accordance with ideal micellar composition. The best agreement and compromise among i) hydrophobic effect, to remove alkyl chains from the contact with water, ii) coulombic repulsion among the headgroups, iii) counterion binding, to reduce coulombic repulsion among the headgroups and iv) steric requirements of the two different headgroups, to accommodate them properly at the  micellar surface, is needed, thus giving a complex situation.
At the micellar surface, the above different requirements modify the headgroup arrangements and the  would reflect a more compact or more loose surface. The deviation of the micellar composition for the ideal one, shown below, can be a result of of the best compromise among the above factors.
The ∆G˚m values (Tables 2 and 3) reveal that all the binary systems have considerable and almost equal spontaneity of micellization. The standard free energy of micellization (∆G˚m) is translated into the standard free energy of adsorption (∆G˚ad) at the air/water interface using eq. 7,
                         			    ∆G˚ad = ∆G˚m −πcmc/ Γmax.                       (7)
      Both ∆G˚m and ∆G˚ads are negative and their magnitudes reveal the latter to be more spontaneous due to hydrophobicity of amphiphiles, which leads them toward air/water interface. The maximum ∆G˚ad is observed for the CTPB/gemini combination. From this, it is concluded that micelle formation is secondary and less spontaneous compared to adsorption. 
       Sugihara et al [40]  have proposed a thermodynamic quantity for the evaluation of synergism in mixing, which is the free energy of the given air/water interface (ΔG(s)min) defined as 
ΔG(s)min= Amin. γcmc N                            (8)
      ΔG(s)min is regarded as the work needed to make an interface per mole or the free energy change accompanied by the transition from the bulk phase to the surface phase of the solution components. The ΔG(s)min values are listed in Tables 2 and 3. The value of ΔG(s)min is maximum for gemini surfactant and the minimum value is obtained for CDEEAB/gemini combination.

3.3	Surfactant-surfactant interaction
      The mixing of surfactants forming mixed micelles can be both ideal and nonideal. Generally, the formation of a micelle may be represented by the relation [23, 35-39] 

where cmci and cmcideal are the critical micellar concentrations of the ith component and the mixture, respectively; αi is the mole fraction of component i in solution and fi is its activity coefficient in the mixed micelle.
In the case where, fi = 1 and eq. (9) will be the Clint equation [41]

       In the former, the value of fi is required to obtain cmc, but the latter is straightforward in predicting the cmc. Inspite of inherent limitations, eq. 10  is useful for comparison between ideal and nonideal mixtures. The mixed cmc values of cationic gemini and cationic monomeric surfactants (CTPB and TTPB) systems as a function of mole 










Surface pressure at the cmc (πcmc), the maximum surface excess (Γmax), the minimum surface area per molecule (Amin), degree of micellar ionization (α), Gibbs free energy of micellization (∆G˚m), the standard Gibbs energy of adsorption (∆G˚ads) .and the free energy at the air/water interface (∆G(s)min) values of cationic gemini surfactant (16-4-16) with cationic monomeric surfactants in water-EG (10% v/v) solution at 300 K. 



















 (b)                                
Fig. 3. Variation of the cmc 103 C / mol.dm-3 with the mole fraction α of (a) CTPB+ C16-4-C16 (b) TTPB+  






























Critical Micelle Concentration (cmcideal), Micellar Mole Fraction (X1, Xσ, Xideal), Interaction Parameter (β, βσ), Activity Coefficients (f1,  f2, , f1σ and f2σ) and Excess Gibbs Free Energy (∆Gex) for gemini with monomeric surfactant systems at 300 K (10% v/v EG, Medium).

3.3.1 Rosen model 
        This model considers the interaction between the amphiphiles in a mixed surfactant solution at the air/solution interface. The micellar mole fraction of the surfactant 1 (X) at the mixed adsorbed film can be calculated iteratively from the Rosen model [42] solving the equation,

  			      (11)
where ,  and  are the concentrations of the mixture, pure surfactant 1 and 2 respectively at a fixed  value, α1 is the stoichiometric mole fraction of surfactant 1 in solution. The X value was then used to evaluate the interaction parameter (β σ) at the air/solution interface using,
                                                 (12)
      The values of βσ and X σ of the mixtures are presented in Tables 3 and 4. The negative value of βσ indicates synergistic interaction. The interaction parameter decreases on increasing monomer excepting  = 0.8 whereas Xσ increases sequentially. Lower value of  X σ compared to monomer indicates the tendency of gemini to preferentially populate the interface as compared to the ionics. The calculated values of surface interaction parameters (βσ) are negative with the respective average values being -1.248, -1.976, -1.412, -2.348, -4.340 for CTPB+16-4-16, TTPB+16-4-16, CTBuPB+16-4-16, CDEEAB+16-4-16 and TDEEAB+16-4-16. The negative value of βσ  show synergism in mixed monolayer formation. 
      The activity coefficients (f1σ and f2σ) of the two surfactants within the mixed micelle are related to the interaction parameter (β σ) through equations
                        f1 σ = exp [β σ • (1 – X σ)2]                              (13)
                        f2 σ = exp (β σ • X σ)2                                       (14)
3.3.2 Rubingh model
      Non-ideality of surfactant interactions (either antagonism or synergism) can be analyzed by using regular solution theory (RST), [43] which is based upon phase separation model and allows us to evaluate the micelle mole fraction (X1) and interaction parameter (β) to characterize the interactions between the two surfactant species in the mixed micelles by using the following equations,

                (15)

                                                 (16)                                         
      where, C1 , C2 and Cmix are critical micelle concentrations for components 1 and 2 respectively,  X1 is the micelle mole fraction of surfactant 1 (monomeric surfactants) in the mixed micelles and β is the interaction parameter which indicates the magnitude of interaction between the two unlike components in the mixed micelle. Eq. 14 was solved iteratively for X1 and β values are obtained by substituting X1 in eq. 16. The values of X1 are given in Tables 4 and 5 showing that X1 increases with increasing monomer except for CTBuPB = 0.50. X1 values are much lower than the corresponding  values. The value of β indicates the extent of interactions between two surfactants which lead to deviation from ideal behavior. The β values are negative (Tables 4 and 5), which can be ascribed to the interaction between the head groups leading to electrostatic stabilization. The β values, although not constant for all the binary combinations throughout the concentration ranges, are all negative with average values of (βave) being -2.632, -2.124, -1.33, -1.77, -4.456 for CTPB+16-4-16, TTPB+16-4-16, CTBuPB+16-4-16, CDEEAB+16-4-16 and 

Table 5 
Critical Micelle Concentration (cmcideal), Micellar Mole Fraction (X1, Xσ, Xideal), Interaction Parameter (β, βσ), Activity Coefficients (f1,  f2, , f1σ and f2σ) and Excess Gibbs Free Energy (∆Gex) for gemini with monomeric surfactant systems at 300 K (10% v/v EG, Medium).




























TDEEAB+16- 4-16, respectively, suggesting synergism in the mixed micelle formation. The limit values for micellar synergism are given in Table 6 [43]. Synergism at CTPB at 0.20/0.40 and may be 0.60 (near at limit); for TTPB at 0.20; and a bit higher/stronger synergism for TDEEAB at 0.20 and, near the limit, at 0.40. Least synergism is observed in CTBuPB+16-4-16 and highest in TDEEAB+16-4-16.  The maximum synergism shown by TDEEAB could be partly related to the counterion binding and also to the intermolecular hydrogen bonds that can be formed among the alcoholic functional groups of different headgroups, that can be kept tightly packed. The gemini surfactant presence can help packing of the binary micelles. In most cases the maximum synergism is found, in fact, when the micelle ionization is low, i.e. when the headgroups are closer. This requires a higher number of counterions bound by the micelle. This relationship is not always strictly holding, since probably other factors affects the micellar stability making the interpretation framework less simple to be read, but it seems quite reasonable that a better packing and attracting interaction among the headgroups comes out from a reduced repulsion of the charged headgroups. Among above all the systems showed greater negative value of βσ av than their βav values, indicating more interactions between the surfactants in mixed monolayer than in mixed micelles. The synergism is found to be stronger with increasing differences in the alkyl chain length of the individual surfactants as a result of decrease in β values.  Maeda [44] proposed that in addition to electrostatic interactions, the chain/chain interaction play a major role in the formation of mixed micelles, specially for the dissimilar chain lengths. In the present study, hydrophobic chain/chain interactions contribute to the synergism, whereas, these are also head group contributions to synergism.
      The activity coefficients (f1 and f2) of the two surfactants within the mixed micelle are related to the interaction parameter (β) through equations
                        f1 = exp [β • (1 – X1)2]                              (17)
                        f2 = exp (β • X1)2                                       (18)
The values of activity coefficients, f1 and f2 calculated from eqs. 17 and 18, are found to be less than unity showing non-ideal behavior of the mixed systems. The values of f1 are minimum for TDEEAB/gemini combinations and f2 are close to unity for all combinations.

     
      
(a)     
  (b) 

Fig. 4. Micellar mole fraction, X (X = X1, Xσ) and Xideal, versus mole fraction α of (a) C16-4-C16 + CTPB
          (b) C16-4-C16 + TTPB binary mixtures -■- Xideal, -●- X1, -▲- Xσ.

The micellar mole fraction in the ideal state has been computed by applying Motomura’s approximation [45]
       Xideal = α1C2 / (α1C2 + (1- α1) × C1)                        (19)
The mole fraction of the component 1 in the micelle (X = X1, Xσ and Xideal) for all the binary mixtures (CTPB+16-4-16, TTPB+16-4-16,) with varying compositions is plotted against α1 at 300 K (Fig.4).   It is clear from the figure that X  values are always greater than Xideal at all mole fractions. Larger X1 and Xσ values indicate that the mixed micelles of gemini and conventional surfactants contain more conventional surfactant than in its ideal mixing state and less transfer of gemini surfactants from the solution to the micellar phase.
The activity coefficients can be used to calculate excess free energy of mixing by the relation [46]

                                          ∆Gex = RT [X1• lnf1 + (1-X1) • lnf2]                              (20)
 
where R and T have their usual meanings. All the calculated ∆Gex values are negative and are presented in Tables 3 and 4. The maximum values are observed in case of TDEEAB/gemini systems. The negative excess free energy of mixing suggests that the mixed micelles are more stable than the micelles of individual components.
4.	Conclusions
     The experimental results obtained in the present study may be useful for the selection of mixed surfactant systems. This study would also facilitate the design and optimization of new surfactant systems for their better performance. The results are as follows;
1.	The mixed micelles of 16-4-16, Gemini surfactant with all the studied monomeric surfactants i.e. CTPB, CTBuPB, TTPB, CDEEAB and TDEEAB in 10%v/v EG solution show synergism (attractive interaction). Highest synergism (βav  more negative) in mixed micelle formation is observed  in 16-4-16-TDEEAB and lowest synergism 16-4-16-CTPB.
2.	Rosen’s approach reveals increased synergism in the mixed monolayer in comparison to the mixed micelles (i.e.,   
   βσ > β). β values decrease with increasing chain length of monomeric cationic surfactants.
3. ∆G˚m and ∆G˚ads values are negative in all systems and show the spontaneity.
4. The values of ∆Gex are negative for all mole fractions of monomeric surfactants indicating the stability 
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